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X s a7 chis contract was the supportuag of a Pist-Docrorate
Assistant, Dr. Bertrand Bovard, from the Ecole Nationale Superieurc de
Prvsique, Marseille, France, for a stay of one year at Optical Science
sist in the development of a rapid-scanning specirometric
itu measurements on optical thin films. Dr. Bovard had
nis doctorite in Marseille for worxk on this topic.

i

system Ior
benn awarde

Lo~ w
o3
w

“m*o\nr)mz yr

ThHe meisuring svstem was largely constructzd Wwith the help of two DARPA
t5, sne monitored by NWC, China Lake, and the other by NUSC, San

Di2wo. it consists of a concave holograpuic grating with a CCD array

detwstor in the spectrum plane., The grating was specifically designed

=5 be as=d with array dectectors and the spectrum plane is {lat over the
bl N

unNTrdac

widtn 3f the detector. A spectral rang2 from approximataly 350 am to
40 m is scanned by the system,

Decii.s »f the system ar2 described in Appendix 1, the draft of a paper
that s being scbmitted to Applied Opti

{nin Film Measurements
. las ir= iahomogeneonus, =speiiaily the re‘rac:ing oxides.,
otical  ianusaogenelty is difficult to measure curately afrter
Lt he presence Oof innomogeneit Yy can readily be
=

insensitive to the specific refractive index

. 1Y we are oo hase information about the variation of refractive
throash tne Silm, additional information is nec=ssary and in situ
T daa T et - T it in tae coazing plane during deposition) are
STl lar.v o artTective, we just make the assuamption of film stability,

“at X5, toet tie wmart.on i thne film already deposited remains
: i c oW L.t arroer mat-rial 1s o added. Results thaz obviousiy
et T~ . ..ot oaditgte uastable films,  We find that well
; SEL e et s e sites motanta films are usuaily s$table2 but that
L e AR C Ll et sewewn dericiencizs can show unstdbla

tecaniqu=s
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notne case of negliridle extinciion cvefficients the derivation of the

Y

tance circle method based

irezents during the growen of tne laver”, 3u: since

a7 interests lle wmore in sliightly absorbant rwaterials sucn as oxides,
<% nave developed a technijue inspired by the envelope metaod described

oy Manlfacier et al {6). We have used an inhomogeneous model of a thin

Silm to derive the refractive index and the extinction coeffizient
Troriles,
Ll zoveloge aeinod in the lnhomogeneous case

:r 2t al” have fully described the envelope method in tne

S1Ziting Case 3f 0 an homogeneous thin filp where only transmissicn
ToasiToZenls arte required for the derivation of 1o and «. A
Soo-riollaToln IO oan 1aho@ogenecus model was presented by Arndl e al”
I diwTivse tnoe optical constants from measureaments of reflectanze and
TTansmiTIance, in tnese studies raflection and transzission are

+2 as functions of wavelength and their envelopes are used o

the optizal

03
&)
[

e sptical tunsczants. 1o obtaln the profice

SeTants . as o Lnotnls study, we considerei the envelopes of the curve of
TIaTs Tt e a5 Iuncticons of 1hilKness I0r 4 Chosen wavelengin. o we
<oTe AT Le T, oanZaln fnae disrersioo bY o apslving the same x2tiod L3
THnoe 0l e lenTny
- - TNl AT Ine Principle oI tne @etnod ang give the ana.r/tiiadl

- DT T e Tit4. ITnsTAnTSs,




L. mtroduction
The refractive index and the extinction coefficlent of 3 tmin fi.z depend

upon tne conditions of deposition and as a conseguence upun tne

structure of the film itself. In the case of oxides, inhomogene:zies are

1

largely due to the fila's columnar structure- and to the variatioas in

1a.
2]

Ky
3]
]
(471

of oxidation throughout the layer. The derivation of their

profiles as a function of thickress is difficult ounce the layer has been

rurtnermors, ®most Cachnijues developed to measure the
r=iractive index are carried out uader atmospheric condizions. ZExposure
4 T1.2 ts thne air modifies its optical properties: the voids exasting
in 1ls struczure tend to adsorb moisture and an oxidation process may
322ur or a3 suboxidized layer, changing the refractive index andé tne
£xZinctisn coefiizien..2»3 Therefore a technique taxing into account the
2wiLalizn 3I Tne Transmission of @ laver growing in vacuo has grea:l
aivantiges, To achieve such measdrements we nave used a scanning

TLUNLINTUDATO0 systean” which provides us with the transmission over the
P

1Nl spectrim versus time, during deposizion. Using these values w=2
! Jeewlipel 3 tecnnigue for deriving tne profiles of the oprica.
STl AlTer o3 verifization of the optical conszants deterzination

Tl YU LmTUTer 50T L3T1070, We G3Ve apsllvd S0 TeInOd I UiTLous
1ems s mitanian dlowide,  Tris tesnnlgue fuaT SLen e 1521 39 3 Teans
JIOTATLT IS Trhe =II2lt HnoIne 0ptilax CONsIHENIs oI s IoiTJgw L0 oAy ar

SATITRTATS gsel (L7 Tne C0ALLNg process,

Sfiie Or tne 0Tl O TRFER S S S R
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Optical Copstants derivation for aa inhomogeneous

thin film from in situ transaission measureaents

3. sovard, F.J. Van Milligen, M.J. Messerly, S.G. Saxe, H.A. Macleod

University of Arizona
Optical Sciences Center

indis]

Tucson, Arizona 85721

T. anti-a_ <onstants of a thun filxz depead upon the structure oI tae

% itse.f. A tezhnigque, bSased on trarsaission measurexzents carried

.~ w3 uo, mas besn developed to derive tne profiles of the reiractive
b 4m i et iactise -nefficient. Tne {ntsrpratation of the profiles
(A SILImATIIN 07 Loe LaYero sTTucturlc LD valJdo. e :e:!mque I4an e

i 1, 4 @eias of mon.toring tne variations of the optical constants

Coohange s Lo e dv’:r))L:LT/n pa:‘a:r?:e:i%. tnis pap’?r Pf‘eSer’.tS tne
“n.7ue, wnion 18 basedi on oan enwvelope zethod, and gives 803Te
rlne AL reslte,
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FIGURE CAPTIUNS

. Scanning Monochromator Flow Diagram

Za, Spectral Profile of Tungsten Halogen Lamp
2h. Spectral Profile of Xenon Arc lLamp

3. Appearance of Scanning Monochromator system
.. Top view of Scanning Monochromator

. Flowcnart of Computer Data Handling Progranm

~ .

. Example o>f Water Adsorption in a Tiu,, 5iU; Fabry-Perot Filcter
A Variation of optical constants of TiU, as tne film is being

depositad. Upper curve corresponds to n, lower curve to K.
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léngng, Din Bout e28;

Cl2 + C,z edds + ZCXC,ezsf cos 28,

~

L -

womre o mg etmo)(ngTay,) C,=(ngyrm0o)(ng™yy)

§,=2%nd/ A §,=~27kd/ A

In the following we shall assume that we are dealing with a high index

laver so that C, is negative. Then the two expressions of the envelopes

hecome:
. 28
. . 16“0“5“1nnou:e 2
‘*max -
* (Cx + L:, 8263)1
¢ 28
T - lényngaqangyee©®?
2ain . .
(C; -C, ezé’z)2

These two equations are used to determine the outermost iadex for each
inszant during film deposition. They are also used to calculate the

extinction coefficient at tne quarterwave points.

d.wever, all these derivations are possible only if we make a very basic

455UE@DpIion about tne stability of tne laver during deposition. Thas

b~

51 is simply that the innermost index does not vary during the
grow<tn oI Znae fiim. The profiles of the opilcal zonstants can tneld be

dorives and considered as functions of thickness instead of time.

we Snial. N0t ZO LNTOugh the detalis of the derivation and we sha.. on.ly

Zive the analviical axpressions for the lonermost and o0ulerwost
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c2rractive  index, the geometrical thic<nesses and the extinciion

he =2xpression of the innermost refractive index is obtained assuaing D4n

= n,,¢ and d = J so that:
2 2
o! + n i
, . . o S Tmax-Tmin
i, = N+ N'en? n? b )M ghere N=a———~-2 + 2a.n B
b 0 ] ' 2 “%o's ‘Tpax Tain

The 2xpression of the outermost refractive iandex is then:

in? s’ A5 Tmax-Tain = i
1‘)UC 3 -7 T ——»T -+ "1 | IMO l’j 2 (Emax ‘mn) '(D.' Z_n 1)2'1, ?
ay,° g max Tamin Tmax Tain in s 7]

wich is calculable only if we Xnow the innermost index value,

)¥ided w2 135ume the innermost index s stable Wwe can calculate the
pruitie of the refractive iandex of an inhomogeneous layer. Note that it
jdires tne <nowledge HI the substrai: refractive index, which can be
measur:d independently, but it does 1ot require the value of wavelength.

¢ 1130 require Tthe geometrical thic<ness., Since we are dealing wiin
SJW- 1082rprion materials, the 2xirema of transmission occur when the

Jarioa. Tniliness o2f cne layer is a amuiltiple of 3 quarterwave.

re,
[
s
]
(&)
)
[
—
2]
rt
o]
[19]
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since calculation of %- ' n(z)dz 1is 1mpossible, we make acz
10
| t
approximatcion aod write that o = T n(u)du where t is the iastant
0

when the extremum occurs.

This 1s equivalent to assuming that the rate of deposition (change in
thizkness per unit tize) is constant. The assumption 1s reasoaoable

because our deposition rate is automatically controlled.

“ith regard to the profile of extinction coefficient we note first that a

Tedn va.ue of the exzinction coefficient can be derived each tizme we
T232h 3 new quarterwave:
Pl : 1.2, —_
- y L Ci[1-(Tmax/Tmin)"/ ] . kd
K= = g o2 a(d) with a(d) = —- - = exp (47 —)
a4 Cyl I(Tmax/Tmin)*/?] A

5t since the function a is available at any instant during the grow:h of
“ne layer, we can also caliculate its derivative versus time and obtain

i expressidon giving tne profile of extinction coefficient.

3z Jhere z 1s the tnickness of the layer.

S.ocqu.0 of the derivative, this expression presents some seasitivity to

r4 3.t -man still oe used to obtain an indication of the absorpiior of

Ag

k.




2. Stability of deposition and conclusion

®rovided we xnow the envelopes of a curve of transmission, using these

ana.vtical expressions we are able to derive the optical constants. But
tne nece=ssity of knowing the envelopes as functions of thickness leads

us to a very basic assumption concerning the stability of growth of the

layer, Th: envelopes calculated using the measured transaission versus

time are usable if they do not shift during the deposition process, which
m2ins Inat an earlier part of the layer is not modiried during the

deposizion of a later part.

It 1s easy to foresee the importance of having an accurate way of
determining extrvema of the transmission curves, Their precise
~sZ.zarion, both value and position, demanded that we consider some
~uzZerical treatments of the raw data befiore calculating the envelopes
itting tnese points. we present in the next section the data processing

tennniques developed together with a justification of their validity and

(]
+
o
s |
1
T
s

xpr=2ssions presented above.
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Te Derails of this zyose of approach are given in [9) which inspired
Sl aT-senI Zesign oand 30 Wwe limlt our description o demonstirating its
Py (oLl ition o 4 redl signag ln Figs. o oand 2.
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1. toatel oang ased o describe fne segment between the second and -nard
ion 13 ra2peated until the entire curve 13 produced.

SRR TRis opera

Cil. . Waerilicazion and precision of the technique

Tne raiidizy of the expressioans for the refractive indices and the

~XTinotion soefficient has been checxed by some simulations, the results

crogrim able to nandle variable optical constants has been developed
o ooapute the evolution of the transmission of a coated substrate
furing zrowetn of a thin film. The profiles of the optical constants are
o3 infy tne pragram which divides the inhomogeneous layer into a stack
;I nemag=neons sublayers eacnh of thickness lnm. The transmittance is
then r-aooried on disk files exactly as when the sScanning monochromator
L3 used. The optical constant determinarion program 1is then used to
vmpule the index and e--imation coefficient profiles. Their comparison
£iIn e wriginal ones verifies the accuracy of the technique. Our goal
715 11s0 to 3how it is possible to separate the inhomogeneity of the

=rractive index from the extinction coefficient. Of the many

“smputarions that have been performed we simply show two of the most

e 51TDI=sL ase {3 1nat of 3 nomogeasous lavyer. Taking starting
“saaes I om0 oand < = [T, the optical constants were calculated
Cw wauelengnias oo oand 30N am and the {ndices found were o be

“ . . AT Tie LMiTiaL sAde, A5 formsaesn, tnhe =2ificizacy of the

2 CL aetniibrsstedimssediommbeiomiondie P
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1.0 lation of the extinction coerfficient Wwas not a3s good, l=2ading

(@)
w

. Telative 2rror.

To test tne derivazion in the case on an inhomogeneous layer, an

ichitrary curve of refractive {ndex was chosen to compute the evolution

ransmissisn o oawdy = 2 + 0.3 exp (d/200) where 4 is the thicxness of

T
,
i
v
I8
1t
v
»

tinczion coefficient was assumed constant equa. to

. JanLe . SOOW3 ~he calculs

(B}

ed results for two wWwave.engihs. The

S4@ns L0y, Ny, wIf, 118U the error in the Jetzrmination expressed 4s a

1

1

)

T
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TABLE |

Wavelength

nm 0iq Any, /0y, Nout Angye/Dour K Ak/k
490 2.297 ND.15% 2.012 Q.09 %3 1.03x107* 7%
300 2.283 1% 2.025 0.7 % 0-1.7x10™! -

Results of simulation calculations




Jlie

st r=23ulis indicate that we can expect acceptable aczuracy in the
Tictive index profile using this technique. Iz is important to note
ner 4couracy corresponds to the shorter wavelength. This is

) Che greater number of extrema at the shorter wavelength, which

vides Tore information so the envelopes calculated have a more exact

sosizion.  This inaccuracy of the envelopes leads to questionable values

~xIinotion roetiiclent for the longer wavelength. These results are

sarouscy zrae only for the cases considered but they strongly suggest

<2 Zd4n Zenerall, expect Irom this method. The relative accuracy

tne refractive index depends also upon the quality of the

ssalftance meisurzaents: it ranges from JT/T to S5AT/T where AT/T is

r2l4tive accuracy achieved in the transmittance measurements.

Wwoital tonstant Jdetermination has been carried out for titanium

iloxide lavers onlv. we will present the results obtained with two

2007 DomNariment 3Nty 3

2rent Livers, tne ifirst layer fitting the model used in this

civition and ne second belng unstable.

Ting p4t-2rial o ased 1o our 2xperiments was 11,0, evaporaz=24 Dy
1388 3ubstrace,

z
=4

Lrsl  Liver Wwe oonsider, the 0xXxygen pariid. Jr2ssure 4as

A=y

mhAr snd The Tnamboer Ieaperiture varied from 2us’ o ZIZ77C

% §




Ne profile of relractive index and of extinction coefficient are plotted
.0 Fig. 3 for the wavelength 678 nm. The thickness of the lavar is 579

tne Inner {ndex is 2,135 and the outermost index 1.794, The layver is

.
[ te 3N

{nhomozeneonus, as expected for an oxide layer, and slightly absorbant.

The zorrelation between 1andex and extinction coefficient can be
{nterprated 1s 3an in:rease of the degree of oxidation with the thickness

.aver and s a decrease of the packing deasity due to a conical

>F o

T

furm 5f che columnar structure. It is difficult to choose which has the

U
-
,

=]
»
1
'

rt
L Y
I\
]
re
.

Fig. -+ gives tne Jdispersion of the innermost and outermost refractive
indizes. A high dispersion for the outerwost index suggests a more

19550540t aater part of the laver.

The L4ver ippears 0 bDe stable and therefore our results indicate that
1T 13 an innomogeneous layer showing a decrease in its packing density

1nd a4 1eoC=24S%e 10 1is oxidation degree ia the direction of growth.

~e 10w axamine in unstable layer. This layer was deposited in a chamber
17 4 Temperitire of Inu®C in the presence of oxygen at a partia.l

Dressnare oL Lob oUTY mopar.

CMis dtmospiere 4as ntentiona.nly deficient in oxygen compared wlin the
i~ Tanditions Ior the deposition of titaninm dloxide and <o expected

Came 1T ITDNION LN tae aver.  we 4re a0t aisappointed as saown

A




“ae cxidation of zhe laver: starting Wwitn g aigh deficiency 25 oxvgZen

Ge laaer part oI tae film 15 gradually oxidized d4s Tae laver grows.

iefeirs tnhe Tecnaniiue oresent2d here since the extrema used )

.
-
i

Salciline The <moe  opes 1Tz tnanZing Wwith the w.ddation of the Layer and
3 M iise we Tive sssuned tne ianermost refractive index IO be
1. TuTWe 13 1Tp0ssidie o obtain bul Wwe C3n 2xPeCl Thal

itoW@nould prosent 31 less innomoZenesauds proille.

-
b
(B4
pY
(o]
-
O
o]
U
(o}
L 2

ne

t

Crer 2¢perlzments aive Se=n Cirried out o understand
~.5 m-2znod. The inszaidilisy of the layer can aanifest itself by the
srance of negZitive =xoingiion coeliitients, dy thicknesses varying

¢ 1pisshapen profiies of incex. Nevertheless,
e 4pS .t cition of Tnds technigue to stable Layers gives very interesting
swii.7%.  These 231n give iaformation on the structure of the layer in
soms 37 pac<ing density as well as in terms of degree of oxidation. It

.5 +isD) import4ant T <10wW tnat layers caa be unstable and to be able to

I R

i o4n instapbiiltv.  Further work 1s required in this area.
Shpe thAn eventualliy 1D may de possible to disiinguish an instability

i .eet W 4 sTracTari. rearvanZedment from A reoxidation of soae

s =l

eraRC oportions oI Tne film,

e e m A
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Lonciusion
nls aelnod has heea developed for ldyers presanting a nhi1ga index, a

sma.. nomogeneitv, and a small extinction coefficient. It permits the

>I indgex in vacuo provided the assumption of stability is fulfilled. It
J2enTifies lavers thdt are unstabie. [T @makes possible the study of thne

sirrations nf tne optical constants with changes in the deposition

Mitsr o supporc for chis worx was provided by the Defense Advanced
2:%s Agency DARPA) througn a contract with the Naval
w=apons Center, Jnina Laxe. Additional support was also given by DARPA
“arough a4 zontract with the Naval Ocean Systems Center, San Diego.
3avird wais supported Sv the Alr Force Office of Scientific Researcn and

Tixke 9y 3 fellowship from the U.S. Army Research Office.
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